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Abstract 5
We present the first direct measurements of changes taking place at the base of the Getz Ice Shelf 6 (GzIS) in West Antarctica. Our analysis is based on repeated airborne radio-echo sounding (RES) 7 survey lines gathered in 2010 and 2014. We reveal that while there is significant variability in ice 8 shelf behaviour, the vast majority of the ice shelf (where data is available) is undergoing basal 9 thinning at a mean rate of nearly 13 m a -1
, which is several times greater than recent modelling 10 estimates. In regions of faster flowing ice close to where ice streams and outlet glaciers join the ice 11
shelf, significantly greater rates of mass loss occurred. Since thinning is more pronounced close to 12 faster-flowing ice, we propose that dynamic thinning processes may also contribute to mass loss 13
here. Intricate sub-ice circulation patterns exist beneath the GzIS because of its complex sub-ice 14 topography and the fact that it is fed by numerous ice streams and outlet glaciers. It is this 15 complexity which we suggest is also responsible for the spatially variable patterns of ice-shelf change 16 that we observe. The large changes observed here are also important when considering the 17 likelihood and timing of any potential future collapse of the ice shelf, and the impact this would have 18 on the flow rates of feeder ice streams and glaciers, that transmit ice from inland Antarctica to the 19 coast. We propose that as the ice shelf continues to thin in response to warming ocean waters and 20 climate, the response of the ice shelf will be spatially diverse. Given that these measurements 21 represent changes that are significantly greater than modelling outputs, it is also clear that we still 22 do not fully understand how ice shelves respond to warming ocean waters. As a result, ongoing 23 direct measurements of ice shelf change are vital for understanding the future response of ice 24 shelves under a warming climate. 25 26
Introduction 27
Warming ocean waters are a recognised consequence of global warming trends, and ice shelves 28 which float in these warming waters are prone to significant melting activity. This is important 29 because ice shelves are an interface between grounded ice and the oceans and are therefore sites 30 where these key interactions occur (Berger et al., 2017) . For example, past work has shown that 31 many of the ice shelves found along the Antarctic Peninsula have, in recent years, undergone 32 significant and rapid retreat, and in some cases collapse (e.g. Rott et al., 1998; Holt et al., 2013) . 33 There is evidence of a gradual southwards progression of these occurrences, suggesting that there is 34 an underlying climatic cause (Schannwell, 2018 (Gogineni, 2012) , and the radio echo sounding 91 (RES) data that they have gathered extensively across both Antarctica and Greenland using an 92 airborne system. 93
Initially, it was the Level 2 (L2) data which we looked to utilise, which provides measurements of ice 94 thickness as well as the elevations of the surface and bottom of the ice. However, we found a 95 number of anomalous points and so elected to go back to the Level 1B data from the Multichannel 96
Coherent Radar Depth Sounder (MCoRDS) -it is these data that are utilised and explored. The 97 benefit of using data from a lower processing level is that it enables picks to be verified or modified 98 first-hand. This RES system has been used to gather data since 1993 using funding from both NASA 99 and the NSF, most recently as part of the Operation IceBridge field campaign (Leuschen and Allen, 100 2014). 101
In November 2010, as part of the Operation Icebridge survey for this year, a flight took place over 102 the GzIS, closely following the linear ice-cliffs of the series of glaciers and ice-streams that drain into 103 the ice-shelf. As part of the Icebridge campaign of 2014, a section of the same survey line was re-104 flown, again in November of that year (Figure 1 ). The MCoRDS radar data has an along-track 105 resolution of ~25 m and a depth resolution of ~ 18 m (Khazendar et al., 2016) . Using the Level 1B 106 data, each flight was re-examined for anomalous points (often associated with apparent incorrect 107 picking of the bottom reflector, or with inaccurate picking of the reflector) and these were 108 corrected. This was carried out using the Matlab code: 'image_browser_v1_4' available via the 109 CRESIS ftp site: ftp://data.cresis.ku.edu/data/picker/ (CRESIS, 2016), and corrected picks were then 110 compared. 111
Of course, despite these two flights covering effective repeat-tracks, individual sounding locations 112 are not exactly replicated between these four years. In order to maximise the usefulness of these 113 datasets, but also so as to not introduce artefacts, we followed the example of Khazendar et al. 114 (2016) and their recent work, by comparing points which are closer than 200 m in the horizontal. 115 Khazendar et al. (2016) imposed this limitation in order to reduce the effects of the slope of the ice 116 bottom when exploring change. An identical approach is followed here. The result of this analysis of 117 close overlap between the two survey flights (in 2010 and 2014) delineates the zone over which this 118 study takes place (see Figure 2 ). This zone covers a large part of the floating Getz ice shelf, and it is 119 this region on which the remainder of this paper is focussed (cf. Figure 1) . 120
Once comparable points had been derived, the difference between the elevation of the underside 121 of the floating ice shelf was determined in each year, so as to explore the spatial variability in rates 122 of change at the ice shelf bottom. 123
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In order to confidently identify 'real' changes at the ice-shelf base, it is important to assess if any 140 measured changes may actually be attributable to other erroneous factors (e.g. differences in 141 system parameters from one survey to the next; successfully picking the same basal reflector in both 142
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surveys; resolution of the data). In order to do this, we firstly only utilise bed data where the pick-143 confidence is high (as defined in MCoRDS data description). Furthermore, we also investigated basal 144 elevation change between the four years, focussing on grounded ice areas only. Here, there should 145 be a mean basal height change of zero (as there should be no basal change in grounded ice over this 146 timescale) with scatter around this representing the noise associated with slightly different flight 147 tracks and thus measured positions, as well as differences at the picking stage. We excluded extreme 148 outliers occurring due to gross errors (where differences exceeded 60 m, accounting for just 11.6% 149 of measurement samples), and investigated the relationship between the bed elevations in 2010 and 150 2014 in the remaining data. However, we did not treat all data points as one whole, since this simple 151 solution would assume a constant bias across the whole domain, taking no account of the potential 152 for different biases in different parts of the domain (e.g. a sloping bias). To that end, we explored the 153 differences in bed elevation in the four years in each of the five grounded zones independently. 154
From this investigation we discovered that the domain can be grouped into two regions which show 155 slightly different trends in bed elevation offsets between the two years. In the northern region, a 156 strong, systematic relationship between the bed elevations in 2010 and 2014 exists (R 2 ~1), with a 157 mean difference of +17.55 m, meaning that the 2014 bed is systematically higher than the 2010 bed. 158
In the southern region, there is also a strong, systematic relationship (R 2 of ~1), with a mean 159 difference of +28.73 m, again meaning that the 2014 bed is systematically higher than the 2010 bed 160
here, but by a slightly greater amount. These very strong systematic discrepancies mean we used 161 this information to correct all samples (not just grounded regions) to account for this bias, treating 162 the northern and southern regions differently. 163
Once debiased, we spatially average the along-track height change over samples within a 100m 164 along-track window size. We did this because we observed substantial variability in the bed 165 topography and spatially averaging reduces noise and helps to identify any outliers. 166 The Cryosphere Discuss., https://doi.org/10.5194/tc-2018-163 Manuscript under review for journal The Cryosphere 
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In addition to investigating changes in the ice shelf bottom, we also investigated changes at the ice 169 surface. This was done using laser altimetry data that were collected on board the survey aircraft at 170 the same time as the RES data (Studinger, 2018 The Before considering changes occurring at the base of the GzIS, it is important to recognise that total 205 ice thinning can be considered as the sum of changes taking place at both the top and bottom of the 206 ice-shelf. In order to extract thinning that is occurring as a consequence of basal melting, it is 207 necessary to constrain the contributions that come from changes taking place at the surface 208 (Khazendar et al., 2016). As described in the methodology, we constrained this by considering 209 observed changes from repeat ATM measurements in the domain, and by considering modelled 210 changes in the firn layer. The resultant changes therefore represent changes due to melting or 211 accumulation. In order to constrain the importance of surface changes on overall mass loss, we 212 focussed further attention only on slow moving areas which are grounded. The reason for this is that 213 it is in such regions that it can be assumed that the contribution to overall thinning at the base is 214 zero (because there is no basal melting where the ice is grounded) and the contribution to overall 215 thinning from dynamic processes is minimal. 
217
In this region, where changes are greater than uncertainties, 87.35% of point locations (746 of 854) 218 experiences surface lowering, with just 12.65% of locations (108 of 854) experiencing thickening. In 219 the small number of areas where thickening has occurred, the mean rate is nearly three times less 220 than where thinning has occurred. However, overall, these values are small, particularly when 221 compared with changes at the bed (cf. The lower panel shows the residual change in surface elevation after considering firn densification processes. These changes are attributable to a mass loss due to melt. In all panels, blue dots indicate a positive elevation change meaning a rising ice surface and thus a thickening, while red dots indicate a negative elevation change meaning a lowering ice surface and thus a thinning. The black horizontal line represents no change. Grey shaded areas indicate where ice is slow-moving and grounded and thus minimal change would be expected. With reference to Figure 2 , zero along-track distance in the above panels is associated with the southern-most points in the transect. 
Changes at the ice-shelf bottom 233
We initially explored the annual rate of basal change along the whole survey-line from 2010 and 234 2014, but then subsequently subdivided the domain into those regions which we classify as being 235 within a floating ice-shelf, and others classified as being grounded ( Figure 5 ). 236
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In Figure 5 , a positive change reflects a rising of the ice-base and thus thinning and mass loss. 238
Conversely, a negative change reflects a lowering of the ice-base and thus a thickening or mass gain. 239
Perhaps the most important panel in Figure 5 is the middle panel because this indicates the overall 240 amount of change at the ice-shelf bottom. Red symbols in this panel (in Figure 5 ) represent a rising 241 ice-bottom, and where this change reaches beyond the margins of error (grey horizontal lines in 242 these panels) then we consider this rising ice-bottom to be real. It can also be seen that in some 243 locations (where blue symbols are visible) the ice-base has lowered. These locations are more 244 sparsely distributed, but nevertheless it is important to consider where these areas of apparent ice-245 bottom lowering (and indeed rising) are located. 246
Of all the spatially-averaged sample points along this line (5357 in total), 71.46% are classified as 247 being within floating ice shelves, while 7.62% are associated with grounded ice (the remaining 248 20.93% are generally associated with no data (due to the exclusion of low-confidence picks). Where 249 260 Table 2 shows that it is on the floating ice-shelves where change at the base is of greatest 261 significance, and apparent rising of the ice base is the dominant signal (81.97% of all points where 262 change is greater than errors). On the ice-shelf alone, positive change (i.e. thinning of the base) is 263 apparent in 99.05% of all ice-shelf measurements that are greater than errors. In just 0.95% of cases 264 ice shelf thickening is apparent. Table 3 shows the magnitude of the changes taking place in these 265 floating-ice regions. It is important to note that the changes at the base here are two orders of 266 magnitude greater than those at the surface (cf. Table 3 : Summary statistics of the magnitude of change (m a -1 ) at the ice base in floating ice-shelves where change is greater than the measure of uncertainty (±8.75 m). Data are subdivided into regions where the ice-shelf base is thinning or rising (positive change) and where it is thickening or lowering (negative change). Note that although the magnitude of mean thickening is greater than the thinning, thickening takes place over a much smaller number of measurement locations. delineating the boundary between these two are apparent. We consider this further in the 277
discussions. 278 Figure 6 shows the distribution of the magnitude of ice-base thinning and thickening (where 279 measurements are greater than uncertainty), while Figure 7 shows where the greatest amount of 280 ice-bottom melting has taken place. Figure 6 clearly demonstrates that the greatest signal is one of 281 ice-base thinning in floating ice, and that overall, an annual ice-base loss of ~10-20 m a -1 is most 282 common, with a few areas experiencing losses of 2-3 times this. 283 
291
Where changes are apparently occurring at the base of grounded ice, it is important to keep in mind 292 that all change in grounded regions accounts for a relatively small proportion of those sampled 293 locations (10.86% of all data; Figure 6 ; cf. Table 4 : Summary statistics of the magnitude of change (m a -1 ) at the ice base in regions of grounded ice where change is greater than the measure of uncertainty (±8.75 m). Data are subdivided into regions where the ice-shelf base is thinning or rising (positive change) and where it is thickening or lowering (negative change).
296
Such change under grounded ice is somewhat surprising, since, at the ice base, it would be expected 297 that there would be no such change -at this location, over the timescale being explored, the ice 298 base should effectively be static. However, we propose that this apparent change is in fact not 299 indicative of real change, but is in part a function of an uneven (or rough) subglacial topography in 300 which correct identification of the bed reflector is not straightforward and is indeed prone to errors. 301
Under scenarios where a complex bed topography dominates, both along-track and off-track, it is 302 highly likely that the bed is incorrectly picked between consecutive years (cf. Lapazaran et al., 2016) . 303
Indeed, we encountered this in our own investigations and adapted our methodology to go some 304 way towards incorporating this (see Methods). It is also highly likely that precisely the same track is 305 not taken between surveys, further introducing errors. Finally, a relatively large component in the 306 error is likely a result of uncertainties in the aircraft flying height during data collection. In some 307
locations however, such discrepancies may be due to real changes, which will be discussed further in 308 the discussions. 309 310
Discussions and Conclusions 311
For a long time, the main cause of mass loss from the Antarctic Ice Sheet was considered to be 312 iceberg calving (Depoorter et al., 2013 Khazendar et al. (2016) shows that the models underestimate the amount of 320 basal melting, and given that it is the Amundsen Sea (including the GzIS) where greatest changes are 321 forecast to happen in the decades to come (Naughten et al., 2018) , assessing whether such 322 discrepancies exist here is of importance. As a result, we have investigated the magnitude and 323 nature of change at both the surface and the base. When exploring surface changes, we found that 324 these are small compared to those observed at the bed, by up to two orders of magnitude, and thus 325 in this study over the GzIS, surface lowering can, to all intents and purposes, be ignored. The 326 changes taking place at the ice base are far greater and far more significant, and so it is therefore 327 this location where we focus the remains of this discussion. 328
In terms of basal changes, floating ice dominates the domain, and it is here that changes are of 329 greatest magnitude, of greatest interest and also of greatest significance. Where ice is floating and 330 where changes are significant, thinning was observed in nearly 82% of locations, at a mean rate of 331 nearly 13 m a 
336
(equilibrium/non-steady state values) which are several times lower than our measurements. The 337 identification of substantially higher rates of loss is of great concern because it means it is losing 338 mass more quickly than previously thought, with significance for the rates at which ice is transmitted 339 through the glaciers which drain into the GzIS. While thinning occurred over most of the domain, the 340 biggest rates of thinning occurred where ice flowed more quickly (cf. propose that high basal melt rates here support the existence of a routeway along which warm 359 ocean waters may access the ice base. This proposal, though untested would perhaps allow melting 360 of grounded ice at the grounding line, and thus a degree of ungrounding, as we propose. 361
Our work highlights firstly, and crucially, that thinning is both significant and widespread across 362 much of the GzIS. Secondly, it highlights that despite this, there is significant variability in ice-shelf 363 bottom change, reinforcing the point made in the Introduction that ice shelf complexity has an 364 important role to play in controlling the way and rate by which an ice-shelf responds to oceanic 365 warming. Finally, and perhaps most importantly, our work identifies substantially greater rates of 366 thinning than those recently reported from forecasting modelling investigations (Bernales et al., 367 2017 ). While we accept that our work represents investigations along a single transect, the 368 difference between predictions from models and direct historical measurements (c.f. Khazendar et 369 al., 2016) is clearly of concern. This suggests that models may be underestimating changes going on 370 in at least some parts of some ice shelves, and thus more and continuous direct measurements of 371 change are required. This is firstly to help better constrain models, and secondly to better constrain 372 the changes actually occurring in ice shelves. 373 Depoorter et al. (2013) state that the significance of basal processes in overall ice shelf mass balance 374 is highly variable, accounting for 10-90% of overall loss, depending on the specific ice shelf in 375 question. Here, we have shown that basal melting is a significant contributor to mass loss of the 376
GzIS, but also that the relative contribution of basal melting is highly variable across the ice shelf. 377
This variability within a single ice shelf, coupled with the apparent variability between ice shelves 378 (Depoorter et al., 2013 ) is significant. In the GzIS, the variability can perhaps be attributed to the 379 combination of complex sub-ice topography and numerous contributory ice streams and outlet 380 glaciers that result in intricate sub-ice water circulation is cavity systems. Although the accuracy of 381 this interpretation requires further investigation, the importance of these processes in overall ice 382 shelf mass balance is undeniable. It, it is therefore of paramount importance that quantifying basal 383 mass loss from Antarctic ice shelves is carried out, because of its role and importance for predicting 384 the likely vulnerability of ice shelves to future subglacial warming and melting. 385 386
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